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Background
17
The Mediterranean fruit fly Ceratitis capitata is a highly polyphagous and invasive insect pest, 18 causing vast economical damage in horticultural systems. A currently used control strategy is 19 the sterile insect technique (SIT) that reduces pest populations through infertile matings with 20 mass-released, sterilized insects. Transgenic approaches hold great promise to improve key 21 aspects of a successful SIT program. However, there is strict or even prohibitive legislation 22 regarding the release of genetically modified organisms (GMO), while novel CRISPR-Cas 23 technologies might allow to develop genetically enhanced strains for SIT programs classified 24 as non-transgenic. 25
Results
26
Here we describe highly efficient homology-directed repair genome editing in C. capitata by 27 injecting pre-assembled CRISPR-Cas9 ribonucleoprotein complexes using different guide 28
RNAs and a short single-stranded oligodeoxynucleotide donor to convert an enhanced green 29 fluorescent protein in C. capitata into a blue fluorescent protein. Six out of seven fertile and 30 individually backcrossed G 0 individuals generated 57-90% knock-in rate within their total 31 offspring and 70-96% knock-in rate within their phenotypically mutant offspring. 32
Conclusion
33
Considering the possibility that CRISPR-induced alterations in organisms could be classified 34 as a non-GMO in the US and Europe, our approach to homology-directed repair genome 35 editing can be used to genetically improve strains for pest control systems like SIT without the 36 need to struggle with GMO directives. Furthermore, it can be used to recreate and use 37 mutations, found in classical mutagenesis screens, for pest control systems. 
Background
47
With a large host range of more than 250 fruits, vegetables and nuts, a broad acceptance of 48 both natural and cultivated habitats and tolerance over a comparatively wide temperature 49 range the Mediterranean fruit fly, Ceratitis capitata (Wiedemann; Diptera: Tephritidae), has 50 become one of the most successful invaders and thereby one of the most devastating and 51 economically important insect pests worldwide [1] [2] [3] [4] . 52
In an attempt to reduce the use of insecticides in the fight against this and other crop pests, 53 an effective, environmentally friendly, species-specific and area-wide control method has been 54 the sterile insect technique (SIT) [5] . SIT is based on the mass release of sterilized male 55 insects into a wild-type (WT) population, leading to infertile matings and thereby to a decrease 56 in the number of progeny. Repeated releases thus allow for the suppression of a pest 57 population to an economically uncritical size or to prevent the infestation of new areas. 58
There are several steps to be developed and improved to enable successful SIT programs. 59
One is the generation of male-only populations also called sexing. Male-only releases are 60 more effective and avoid the release of females that could still damage the fruits and crops by 61 oviposition even if the eggs will not develop due to the sterilization step [6] . The sexing system 62 has to be an automated mechanism during the mass rearing process to enable the mass 63 production of billions of male flies like in the case of the Mediterranean fruit fly [7] . 64
Unfortunately, only few systems are available based on naturally occurring and utilized genetic 65 mutations. Their transfer to new pest insects is difficult since the mode-of-action is not solved 66 or the genes responsible for the effect are not identified [8, 9] . Therefore, sexing systems that 67 are based on transgenes were developed in several species [10] [11] [12] [13] respectively. Eggs of these crosses were collected three times, at an interval of one to two 156 days. Three crosses (M1, F2, F8) were fertile and two out of these three families produced 157 phenotypically WT offspring missing the eGFP marker ( In a second, independent experiment, 323 embryos of the target line were injected with 163 eGFP_gRNA2 and 1 mM Scr7 additionally added to the injection mix. 79 reached the larval 164 stage with 31 surviving to adulthood (17 males, 14 females). These were then backcrossed 165 individually and eggs collected from 27 fertile crosses as described previously. In total, 1967 166 G 1 offspring were screened for the loss of eGFP fluorescence. However, none of the families 167 produced offspring phenotypically missing the eGFP marker. 168
Thirdly, eGFP_gRNA2b-Cas9 complexes together with ssODN_BFP donor template were 169 injected into 371 embryos, yielding 19 larvae and 9 adult flies (five males, four females). Four 170 of the nine individual crosses (M3, M5, F1, F4) were fertile and produced offspring mainly 171 phenotypically missing the eGFP marker (79% to 100%), indicating a CRISPR-induced 172 mutation ( 
Molecular verification of HDR or other mutagenic events 177
The genotype of all phenotypically WT G 1 flies was analyzed via eGFP-specific PCR and 178 subsequent sequencing, except for four individuals in family M1 and two in family F8, as DNA 179 and sequence information could not be obtained for these flies. 180
Sequencing of DNA amplicons from individuals of eGFP_gRNA2 injection revealed that 18 181 out of 94 phenotypically WT M1 offspring (19%) carried the complete knock-in genotype (three 182 base pairs exchanged) and 50 (53%) carried a shorter version of the knock-in with only two of 183 the three base pairs altered (194C>G, 196T>C) . Both should lead to a loss of eGFP 184 expression. The knock-out phenotype of the remaining 26 flies (28%) was caused by 185 insertions or deletions in the target region (four different mutation events; Fig. 1 B, Fig. 3 B) . 186
In case of family F8, sequencing showed that 17 out of 32 phenotypically WT flies carried the 187 complete knock-in genotype (three bp HDR) (53%) and nine carried the shorter version of the 188 knock-in with two out of three bp mutated (28%). Moreover, two different deletion events 189 caused by NHEJ repair were observed in six flies (19%: Fig. 1 B, Fig. 3 
E). 190
Interestingly, the two different HDR events in G 1 (complete three bp HDR versus two bp HDR) 191
were not evenly distributed over the three egg collection time points (T1, T2, T3). In both 192 families, the percentage of the complete HDR increased over time, whereas the rate of the 193 partial HDR decreased. In the M1 family, 73% of the offspring from the first egg collection (T1)  194 carried the partial knock-in, whereas only 22% of the offspring from the last egg collection (T3)  195 carried this genotype. The complete knock-in was observed in 11.5% of the T1-offspring and 196 in 37% of the T3-offspring of M1. In the F8 family, the partial knock-in decreased from 71.4% 197 in T1 to none in T3. In contrast, the complete knock-in increased from 28.5% (T1) to 100% 198 (T3) (Fig. 3 C, F) . 199
In the second injection using eGFP_gRNA2 plus Scr7, no phenotypically wild type individuals 200 were found during the screening and consequently no PCR amplicons could be generated or 201 analyzed. 202
Analyzing the amplicons of the third injection with eGFP_gRNA2b confirmed efficient HDR in 203 all four families, with 70% to 96% complete knock-in genotype within the phenotypically WT 204 offspring. NHEJ caused one to two different mutation events per family, explaining the knock-205 out phenotype of the remaining flies ( Fig. 3 H showed complete knock-in genotypes (Fig. 3 O) . In family F4, knock-in events slightly 209 decreased over time (Fig. 3 R) . None of the analyzed individuals originating from the 210 eGFP_gRNA2b injections carried the incomplete knock-in with only two bp changed instead 211 of three that was observed with eGFP_gRNA2. 212 213 Discussion 214
Genome editing in Medfly was successfully developed and evaluated via CRISPR-Cas HDR, 215 using a short ssODN repair template to introduce point mutations in the eGFP marker gene of 216 the transgenic line TREhs43hid Ala5 _F1m2. We used two different gRNAs to target eGFP and 217 one single-stranded repair template (ssODN_BFP) to achieve the conversion. After successful 218 HDR, two mismatches were introduced to the target sequence of eGFP_gRNA2 (194C>G; 219 196T>C), while its PAM sequence remained intact. Regarding eGFP_gRNA2b, an HDR event 220
introduced one mismatch to the target sequence (201C>G) and two to the PAM sequence 221 (194C>G; 196T>C) , whereby the PAM was eliminated (Fig. 1 A) . 222
While only 50% of the injection survivors were fertile, we observed a very high efficiency of 223 CRISPR-induced mutations, not only in the frequency of CRISPR-positive families (six out of 224 seven fertile G 0 ), but also in the penetrance within the families. Between 79 and 100% of G 1 225 individuals within a family showed the phenotypical loss of eGFP fluorescence, indicating a 226 mutation event and efficient targeting of the germ line in the G 0 individuals. Sequence analysis 227 confirmed these events and moreover revealed a knock-in rate of up to 96% (Fig. 3) . We did 228 not observe, however, the blue fluorescence that would be the phenotypic confirmation of a 229 positive knock-in event.
Reasons for this could be to the melanization of the medfly thorax or 230 an autofluorescence overlapping with the spectrum of the ET DAPI BP filter. 231
Besides the three base pair BFP knock-in, we also detected a 'partial knock-in' with only two 232 out of three base pairs changed when we used eGFP_gRNA2, but not with eGFP_gRNA2b. 233
It was reported earlier that during HDR often only the part of the repair template actually 234 overlapping with the deletion caused by the DSB is utilized [27, 33] . As small deletions are 235 more common than large deletions, the probability for a mutation to be incorporated during 236 the HDR event decreases with the increasing distance from the cleavage site. This finding 237 could explain the missing third SNP in the first experiment (201C>G, 'partial knock-in'), as that 238 SNP is the one most distal to the DSB side of eGFP_gRNA2. However, we did not observe 239 anything similar for eGFP_gRNA2b, although the distance between the cleavage site and the 240 most distal SNP is similar (six bp for eGFP_gRNA2b, versus seven bp for eGFP_gRNA2). 241
Alternatively, the occurrence of the partial knock-in could be the result of re-editing of the 242 already modified locus [26] , as the PAM of eGFP_gRNA2 remains intact after HDR whereas 243 the PAM of eGFP_gRNA2b becomes eliminated. To ensure precise modification of the target 244 site it is therefore important to include PAM-site mutations (silent) into the repair template [27] . 245
This correlates also to the fact that the 'complete knock-in' increased over time in four out of 246 six families. In contrast, the rate of the 'partial knock-in', which occurred in the two 247 'eGFP_gRNA2' families, decreased over time. This could indicate a general trend of 248 increasing probability of knock-in events in egg collections from older adults. Such 249 phenomenon paired with high efficiency would offer a possibility to save time and resources 250 in mutagenic screens, especially while targeting genes which do not alter the phenotype.
251
Further experiments will be needed, however, to corroborate these findings. 252
The additional use of Scr7 in the injection mix did not yield any phenotypic CRISPR events in 253
Medfly. Scr7 inhibits DNA ligase IV, a key enzyme in the NHEJ pathway and has been shown 254 to enhance the HDR rate in human cell cultures or mouse embryos [22] . Interestingly, the use 255 of Scr7 increased the hatching rate compared to two injections without Scr7 (24.5% versus 256 6.6% and 5.1%, respectively). Bio, dissolved in its formulation buffer), 200 ng/µl gRNA_eGFP2 or gRNA_eGFP2b and 200 365 ng/µl ssODN_BFP in a 10 µl volume containing an end-concentration of 300 mM KCl, 366 according to previous studies [30, 36, 40] . To inhibit NHEJ, 1 mM Scr7 (Xcess biosciences  367 Inc., catalog number M60082-2) was added to the injection mix. All mixes were freshly 368 prepared on ice followed by an incubation step for 10 min at 37°C to allow pre-assembly of 369 gRNA-Cas9 ribonucleoprotein complexes and stored on ice prior to injections. 370
Microinjection of embryos 371
For microinjection of homozygous C. capitata TREhs43hid Ala5 _F1m2 embryos eggs were 372 collected over a 45-90 min period. Eggs were prepared for injection as previously described 373
[41] using chemical dechorionization (sodium hypochlorite, 3 min). In brief, embryos were fixed 374 using double-sided sticky tape onto a microscope slide (Scotch 3M Double Sided Tape 665), 375
and covered with halocarbon oil 700 (Sigma-Aldrich, Munich, Germany). Injections were 376 performed using borosilicate needles (GB100F-10 with filaments; Science Products, Hofheim, 377 Germany), drawn out on a Sutter P-2000 laser-based micropipette puller. . . Fig. 3 . Frequency of CRISPR-Cas-induced G 1 phenotypes and genotypes. Families M1 and F8 were injected with eGFP_gRNA2 (A-F), families M5, M3, F1 and F4 with eGFP_gRNA2b (G-R). In the first column, the absolute number of offspring per family and the occurrence of phenotypes "eGFP" (heterozygous) and "knock-out" (eGFP phenotypically missing) are shown (A, D, G, J, M, P). In addition, the second column shows the number of sequenced individuals with the frequency of different mutation types (knock-in, partial knock-in or insertion/deletion (InDel); B, E, H, K, N, Q). The third column shows the mutation types contingent upon egg collection time points (T1, T2, T3, (days after eclosion)) (C, F, I, L, O, R). Numbers above bars indicate absolute number of individuals per mutation per time point.
